Abstract
Introduction

23
Gene drive systems have gained much attention in recent years for their predicted ability to increase 24 the frequency of desirable genetic material within a population. These systems have been proposed to 25 have a number of important applications [1] . Our interest in these systems relates to their potential use 26 in preventing the spread of mosquito-borne viruses such as dengue [2] . In this context, refractory genes 27 have been developed that are capable of significantly reducing the ability of Aedes aegypti mosquitoes to 28 that UD should persist indefinitely when introduced above the threshold frequency.
48
This threshold-dependent nature of UD systems has lead many to suggest that they may be reversed 49 via the introduction of wild-type individuals [12, 13] . This should lower the transgene frequency to sub-50 threshold levels and result in the elimination of introduced transgenes. To our knowledge this is the only 51 reversal strategy proposed for UD gene drives and has yet to be investigated in detail.
52
Here we extend upon results in the previous literature by formulating a population genetics model of 53 UD that incorporates the effects of loss-of-function mutations in the introduced transgenes. In particular, 54 we investigate the predicted dynamics of UD systems in the presence of a constant rate of mutation 55 for each introduced transgene. We then go on to propose that the release of individuals carrying "free Figure 1 : A schematic diagram of the engineered underdominance gene drive system. Each transgenic construct possesses three genes; a lethal, a suppressor for the lethal on the other construct and a desirable genetic cargo. Genotypes possessing one or more copies of both constructs (or none of either) are viable since lethals will be deactivated by the suppressor(s) on the other construct. Those genotypes carrying one or more copies of either construct but none of the other are non-viable since they have non-suppressed lethal genes.
Mathematical Modeling
59
We consider a population genetics model of UD gene drive in a panmictic (randomly mating), isolated 819 of which are non-viable.
67
The fitness of each genotype is expressed relative to wild-type and represents a reduction in survival due
68
to the carrying of transgenic constructs. Many genotypes also suffer a lethal effect from non-suppressed 69 lethal genes. These factors are combined to give the relative fitness of each genotype:
where ε denotes the relative fitness per construct conferred by non-mutated (A, B) or mutated (
where M = L, S, C, LS, LC, SC, LSC) transgenic constructs. We assume relative fitnesses act multiplica-
72
tively and that all mutated transgenic constructs confer the same relative fitness regardless of the type 73 or number of mutations (although resulting genotypes may confer a separate lethal effect). Exponents suppression case in [9] ).
79
For numerical simulations we used a set of MATLAB (MATLAB R2014b, The MathWorks Inc., Nat- Distributed Computing Server. These allow simulation of the system without a manual formulation of 82 2,025 difference equations (see Figure 3) . Briefly, the process begins by converting each possible genotype 83 into a numerical form and computing relative fitnesses for each (using equation (1)). Initial conditions are 84 then calculated according to:
where G Figure 3 : Diagram showing the simulation procedure for an engineered underdominance system with a constant rate of mutation (m) per gene. Parameter symbols used here are: ε, the relative fitness conferred by a given allele (denoted in the subscripts where M represents a mutated allele); β and φ, the numbers of non-mutated copies of construct A and B, respectively; µ and ψ, the number of mutated copies of transgenic constructs A and B, respectively; γ i , the lethality conferred by a given genotype (i); Ω i , the overall relative fitness of individuals of genotype i; andΩ, the average relative fitness of the entire population. alleles, thus we do not consider these cases any further.
111
In Figure 4 the non-mutated UD system initially reaches a high frequency, as previously modeled [5] [6] [7] [8] [9] [10] [11] .
112
However, each type of mutated construct begins to accumulate in the population, with large frequencies returns the population to a fully wild-type state.
118
For the full range of mutation rates considered here we observe similar dynamics to those in Figure 4 119 except that increasing (decreasing) mutation rates lead to faster (slower) accumulation and higher (lower) 120 maximum frequencies of most types of mutated transgene allele (see Figure 5(a) ). This inevitably means These timings should represent a reasonable proxy for the period over which the desired phenotype conferred by the UD system would be effective.
that higher rates of mutation reduce the period over which the UD system persists (see Figure 5(b) ) and also the period for which functional cargo genes are present at high frequency (see Figure 5(c) this mechanism has been mentioned a number of times previously it has yet to be explored in any detail.
129
Based on results presented in Figure 4 here we propose an alternative, genetics-based, reversal strategy 130 for UD systems. In this strategy transgenic individuals carrying only the suppressor genes of the original 131 UD system would be released. These "free suppressor" carrying individuals are assumed to be of greater 132 fitness than those carrying the original UD constructs since they carry less genetic material and will also 133 suffer no lethal effect.
134
We conduct numerical simulations in order to compare the different reversal strategies discussed here.
135
Similar to the examples above, we consider the relative fitness conferred by the initial UD system to 
166
As with all mathematical models, the work presented here relies on a number of simplifying assump-167 tions, the majority of which are common in this type of study [5, 6, 9, 11] . Since these assumptions have 168 been discussed previously, we do not consider them any further here. There are however a few areas specific 169 to this study where more detailed modeling would be useful to further elucidate the effects of mutation 170 in UD systems. Firstly, we assumed that mutations completely eliminate gene function whereas in reality 171 they may produce only a partial loss of function. We also assumed that all mutated transgenic constructs give a guide as to the type of behavior we would expect to emerge rather than giving definitive predictions 184 for specific applications.
185
Previous literature has estimated the mutation rate in Drosophila melanogaster to be ∼ 5. issues, here we proposed a genetics-based alternative (release of free suppressor carriers) that appears 208 to be threshold independent (i.e. it is predicted to be effective from very small releases, leaving aside 209 stochastic effects) but will take longer to return a fully wild-type population than release of wild-types.
210
It may also be difficult to convince the public that releasing further transgenics is an acceptable method 211 of eliminating a gene drive that produced unexpected consequences. Here we do not wish to draw a firm 212 conclusion on which reversal strategy should be pursued, since this may depend on case-specific social, 213 economic and technical factors that are beyond the scope of this study.
214
In spite of demonstrating that UD gene drives will likely break down over time with the emergence 215 of mutations, this study provides reason to be optimistic about the prospect of using UD gene drives to 216 spread desirable genes through a target population. In particular, even though introduced transgenes are likely to be eliminated, the desirable genetic cargo is expected to reach and maintain a high frequency 
